may exist at supply and receiving tanks.
The simulation described in this report overcomes these drawbacks.
In addition, it provides a new technique for rapid convergence of mass flow rate distributions at junctions common to two or more pipe lines, can account for any ideil gas, and employs numerical techniques for all calculations requiring iteration or integration. It can be expanded to accommodate practically any piping network. Namely, adiabatic frictional flow is assumed to exist in each line of the network and the system's mass flow rate is determined by balancing mass flow rate and stagnation pressure at a single point (called the common 0 point), which is subject to the total system mass flow rate. The equations used to calculate compressible adiabatic flow are taken from reference 6 and are not repeated here. The convergence scheme, however, was developed along with the simulation itself. The scheme is programmed as one of the simulation's main subroutines (subroutine RATIO)
and is discussed along with other subroutines later.
One important exception to this condition is evident when throttling or choking occurs in a pipe terminating at a junction. The stagnation pressure calculated at the end of this pipe may be greater than the junction stagnation pressure, with the pressure difference being lost in the choked pipe as the flow enters the junction.
The overall approach to calculations in the forward direction is to assume a mass flow rate in the most remote and always present supply tank.
This is tank 1 and mass flow rate ;l in figure 1. Mass flow rate i 4 is then taken to be the sum of mi and m 2 .
The starting pressure for section 4 is taken as the junction stagnation pressure obtained from sections 1 and 2. A stagnation pressure at junction B from section 4 is then calculated. The iterative procedure used to calculate the tank 2 flow is next employed again for tank 3 to obtain a value for m 3 and a stagnation pressure at junction B. This completes the forward pass, since junction B is the common point where the forward and backward calculations meet.
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The backwrard pass begins at the receiving tanks and proceeds toward the common point, junction B. It is assumed that whatever mass flowed into the system from the supply tanks will flow out of the system into the receiving tanks during any particular time step. To ensure that this condition is met, the program takes a percentage of the mass flowing into junction B from the forward calculations, and uses that as the mass flow in section 9. The remainder goes to section 10. The flow in section 9
is then divided between sections 11 and 12 (initially 50 percent in each).
Calculations proceed to determine the stagnation pressure at junction F that would be required to produce that estimate of mll .
Stagnation pressure at junction F from section 12 is calculated next and compared to the pressure from section I1. If the two do not agree, a mass flow rate adjustment is again made via subroutine RATIO.
Once agreement is reached, m 9 is used to back-calculate the stagnation pressure required at junction E for a flow rate of m 9 . The program proceeds identically in sections 13 and 14 to junction E. If the stagnation pressure at junction E from section 9 does not match the one from section 10 within limits set into the program (presently 1 psi), then subroutine RATIO adjusts m 9 and mlO until agreement is reached. The correct ; 9 and mlO values are rapidly obtained, resulting in a calculated stagnation pressure at junction E from the backward calculation. Note that if m 9 and ma1 are adjusted, then ; 1 1 through m14 must also be adjusted and all backward pass calculations repeated from the tanks.
Calculations proceed to the beginning of section 8 where stagnation pressure at junction D is obtained. The flow then splits into the parzillel branches of sections 6 and 7. Under the initial assumption that the flow is equally split between sections 6 and 7, the pressure at junction C based on each section's contribution is then determined. .. ,
-S:
The technique is straightforward.
The initial condition of each tank with respect to volume, temperature, pressure, and type of gas being used is known. The initial mass of gas contained within each tank is first calculated by the perfect gas law, the forward and backward passes are run, and the overall convergence criteria are applied at the common point. Once convergence at the common point is achieved, the mass flow rate from (or into) each tank, as well as that through all the pipes, and across each Junction is known. With the initial mass within a tank and mass flow rate known, it is possible to calculate a new mass within the tank by means of a Runge-Kutta integration. Figure 2 illustrates this concept. Once the new mass is found, the perfect gas law is once again used to obtain new pressures under the assumption of isothermal tank processes. Having new pressures at the beginning of the next time increment allows the calculation process to begin again. cubic feet.
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MASS
CONVERGENCE TECHNIQUE
The assumptions that the flow is adiabatic and frictional provide no . explicit equation for pressure drop in terms of a mass flow rate through a pipe, as would be the case for isothermal pipe flow. Instead, the ". polminvolves a set of very non-linear algebraic equations that must be solved simultaneously. The problem experienced when the wrong massl flow rate is initially selected is that the stagnation pressures do not match at the junctions.
For example, consider section 2, with 2 flowing to junction A. At junction A a value for stagnation pressure from section i has been obtained andt is now necessary to arrive at the correct value ofm 2 In order to have the junction A stagnation pressure from section 2 match the pressure from section 1. In short 2 must be
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made to converge to the correct value. Since the equations being used to calculate junction pressures are non-linear, a technique had to be devised to cause m 2 to converge rapidly. Indeed, one of the main contributions of this study is the method that was developed to cause the mass flow rates to converge. The method is extremely fast and general.
For example, with an initial estimate of m 2 of 0.1 lbm/s when the actual converged value should be 100.0 lbm/s, the method used here will yield the correct value in only six iterations.
The method is as follows: an initial value of ;2 is estimated from which a stagnation pressure at junction A is calculated. If the estimate does not result in convergence it must be adjusted and the procedure repeated. If the stagnation pressures from sections 1 and 2 are far apart at junction A, then a relatively large adjustment must be made, and the direction in which the adjustment must be made is known. If the value calculated for section 2 was too low at the junction, then m 2 must be reduced so there is less pressure drop through section 2, thus increasing the section 2 stagnation pressure value at the junction. If the calculation for section 2 was too high at the junction, then ; 2 must be increased in order to lower the section 2 pressure value. It is not desirable to simply add or subtract a fixed amount to rn2 because it is not possible to know ahead of time how large m 2 should be.
For efficient convergence, a method was developed that is sensitive not only to the size (and sign) of the pressure difference at junction
A, but to the size of ;m2 as well. The method uses the exponential % function:
where y 2 and x = junction A stagnation pressure from section 2 minus the stagnation pressure from section 1.
The choice of constant will depend on how quickly convergence is desired and how sensitive x is to small changes in y. The constant value
I'
in'the simulation as it currently exists is good for most situations, but may have to be changed for very small pipe diameters. Tables la and lb illustrate convergence for two very different size y-values when the constant equals 0.00005. This convergence method is also used to adjust the ratio of mass flow rates at a junction having two pipe sections leaving or entering from it.
At junction C, for example, RATIO(6) can be defined as ;6/mtotal.
I
Then, by adjusting RATIO(6) using two equations (see figure 3 ) it is possible to split the flow by the appropriate amount:
S.
a = RATIO(6)ne w * RATIO(6)old exp(Clx) (for C 1 > 0 and x > 0) 
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At junction E to adjust r 9 6 . At junction C to adjust m6 7. At junction B for overall convergence, to adjust n, I
Uses I and 2, above, are for the forward pass; uses 3 through 6 are for the backward pass. The equations used in the program to define the mass flow rate through a throttling device are taken from reference 7. These equations, which were derived for orifices with pipe taps, are as follows:
L3 L
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where:
A = throttling device reference area (ft 2 )
= mass flow rate (lbm/s) The calculation proceeds as follows: 
where C* is the product of discharge coefficient (CD) and the effective area of the throttling device, 
MAIN SUBROUTINES
Subroutine PRES calculates the end pressure for a pipe length in the forward pass under the assumption that specific heat ratio, gas constant, mass flow rate, stagnation temperature, stagnation pressure, pipe dimension, and pipe length are known.
Subroutine TANKPR calculates tank stagnation pressure at the end of each time step using a Runge-Kutta integration.
Subroutine BKVALVE performs throttling device and pipe flow calculations for the backward pass.
A.
Subroutine FVALVE performs throttling device calculations for the forward pass.
Subroutine CTANK calculates end pressures and flow rates of pipes leaving the tanks in the forward pass network and in pipe section 14. % Subroutine RATIO, the convergence subroutine, adjusts the flow rate, using an exponential function, until the correct value for the flow rate is found. 
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Real function FF is a digital equivalent of the Moody chart for friction factor as a function of pipe roughness and Reynolds number.
(Units are in feet with roughness = 0.00015 for commercial steel pipe.)
Real function MARAT calculates the Mach number at the pipe inlet.
Real function TEMP calculates the temperature at any point given the
Mach number and specific heat ratio.
Real function CVEL calculates the speed of sound for a specified temperature.
Real function VEL calculates the velocity of the fluid at any point in the pipe given the Mach number.
Real function RHO calculates the density of the fluid at any point in the pipe given the Mach number and velocity.
Real function REND calculates the Reynolds number at any point given the Mach number, temperature, density, and velocity.
DEFINING THE NETWORK ORGANIZATION OF INPUT DATA
Input data for the compressible pipe flow computer program is set by the user via a computer file. Figure 1 is the model for the input data, and networks up to the complexity shown in figure 1 can be simulated.
Tank 1 must always be present, but any of the ozher tanks can be deleted .
as long as at least one receiving tank is available. Pipe sections can also be deleted as long as continuity in the flow path is maintained.
Each pipe section can be defined by up to 10 individual pipe lengths, used if a tank is in the system; 2 if a tank is not in the system. 
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